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METHOD FOR DETERMINING THE DETERIORATION OF A BATTERY 

[0001] Priority is claimed to U.S. provisional application 60/449811, the subject matter of which 
is hereby incorporated by reference herein. 

[0002] The present invention relates generally to battery condition monitoring. In particular, the 
present invention relates to a method for determining the deterioration of a battery, where charge 
and discharge cycles of the battery are measured by number and depth of the charge/discharge. 

BACKGROUND 

[0003] For lead, nickel-metal hydride, or lithium-ion batteries, monitoring of the deterioration of 
the battery and thereby ultimately of the battery life is of great importance for functional 
endurance. Generally, the deterioration or battery life corresponds to the so-called "cycle life", 
which indicates the possible number of charge and discharge cycles of a battery before it stops 

functioning. Besides the absolute number of cycles, the type of the respective cycles, and here in 
particular the depth to which the battery is discharged or recharged, are of importance for this 
cycle life. Thus, for example, given a depth of discharge 100 % per cycle, a battery has a cycle 
life of 80 cycles on a statistical average; however, given a depth of discharge 1 % per cycle, it has 
a cycle life of 30,000 cycles. That is, for each depth of charge/discharge, there exists a number of 
cycles which is equivalent to the battery life. The total battery life is reached, for example, after 
200,000 cycles at a depth of discharge (DOD) of 0.75%, or after 20,000 cycles at a DOD of 
2.5%, etc. 

[0004] Of the three battery systems mentioned at the outset, the lead battery has the shortest 
cycle life and the lowest cost of acquisition. Therefore, here is the greatest need for suitable 
monitoring or prognosis of the remaining cycle life. 

[0005] German Patent Application DE 198 49 163 Al proposes an integrated storage device in 
batteries and accumulators, allowing storage and evaluation of data that is interesting for the 
service life of the batteries. Unfortunately, this application does not allow any conclusions about 



510.1057 



the actual mode of operation and especially not on the evaluation of the stored data so that no 
teaching is provided here that could be used by one skilled in the art to implement a method for 
determining the deterioration of a battery. 

[0006] United States Patent 5,739,670 proposes a method for diagnosing the condition of 
batteries. Using suitable counters, charge cycles and charge quantities as well as the duration of 
charge and discharge processes are measured and counted. The values determined in this manner 
are modified by an e-function via a correspondingly complex relationship in such a manner that 
the general condition of the battery can be calculated therefrom, 

[0007] The procedure is comparatively complex, because a corresponding amount of data must 
be acquired and mathematically combined in complex form to be able to make the comparatively 
vague statements on the general condition of the battery. 

[0008] A further possibility to determine the deterioration or deterioration condition of a battery 

lies in an active diagnosis. During this active diagnosis, the battery is charged or discharged with 
a predefined capacity. By measuring this active charge or discharge process, it is then possible to 
draw conclusions about the deterioration of the battery on the basis of the corresponding 
relationships that are known for the respective process. An active diagnosis method of this kind 
exemplified in European Patent AppUcation EP 1 278 072 Al. 

SUMMARY OF THE INVENTION 

[0009] It is an object of the present invention to provide a method for determining the 
deterioration of a battery, allowing the deterioration of a battery to be securely and reliably 
determined, especially also in the applications having cycles which vary substantially in terms of 
charge and discharge. Moreover, and additional or alternative object of the present invention is to 
make it possible to implement a deterioration indicator for the battery on this basis. 

[0010] The present invention provides a method for determining the deterioration of a battery, 
the charge and discharge cycles of the battery are measured by number and depth of the 
charge/discharge. For each of the charge and discharge cycles, a characteristic deterioration value 
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is determined on the basis of a deterioration curve that is characteristic of the specific battery 
type. These individual characteristic deterioration values are then summed up to obtain the 
deterioration of the battery. 

[0011] For each battery type, such as for a lead accumulator, a nickel-metal hydride battery, or a 
lithium-ion battery, it is possible to determine a relationship between the depth of discharge and 
the cycle life. From this relationship which, at least on a statistical average, is characteristic of the 
specific battery type, can then be calculated a diagram which, in turn, exhibits a deterioration 
curve that is characteristic of the specific battery type. This deterioration curve can be 
represented, for example, in the form of percentages as a function of the depth of the charge or 
discharge cycles. A characteristic deterioration value is now derived from this characteristic 
curve for each charge or discharge cycle on the basis of its depth of charge or discharge. This 
characteristic deterioration value is then added to all characteristic deterioration values that have 
already been determined in previous cycles so that the sum of the characteristic deterioration 
values constantly increases over the battery life. Due to the direct relationship of the 
characteristic deterioration value and the depth of charge or discharge of the respective cycle via 
the deterioration curve, this value of the depth of charge or discharge, which plays a considerable 
part in the deterioration or life of the battery, is taken into account in a rapid and simple manner. 

[0012] In order to determine the deterioration of the battery, it is then only necessary to consider 
the current sum of the characteristic deterioration values instead of performing complicated 
calculations. Over the life of the battery, the sum of the characteristic deterioration values will 
approach a value that represents a completely depleted battery. When expressing the individual 
characteristic deterioration values as percentages, this sum will then be 100 % in the case of the 
depleted battery. 

[0013] Thus, the extent to which the battery in question has already deteriorated as well as its 
remaining service life can be determined or read off at any time by a simple summation and 
consideration of the sum. The representation of the characteristic deterioration value, for 
example, as a percentage of the battery life akeady used is ideally suited to indicate the 
deterioration of the battery in a simple and efficient manner. 
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[0014] In one embodiment of the method according to the present invention, each partial cycle of 
charging and each partial cycle of discharging is measured separately. The characteristic 
deterioration value is determined for each of the partial cycles, and the characteristic deterioration 
values for all partial cycles are summed up together. 

10015] This embodiment of the method according to the present invention is advantageous 
especially when the battery is not operated with regular cycles. For example, if individual 
discharge cycles occur one after the other without in-between recharging to the initial value of the 
discharge cycles, then a cycle-by-cycle consideration is comparatively inaccurate, because this 
behavior isn't contemplated. 

[0016] In particular, in the case of heavy-duty batteries, such as are used to supply electric energy 
for traction purposes in motor vehicles, it is exactly these charge and discharge processes that 
play a special role, because here, discharge takes place in response to energy demand, and when 
energy is present, a corresponding charge process takes place without the vehicle observing the 
specific requirements of the batteries for ideal service life. 

[0017] In order to nevertheless be able to determine the deterioration of a battery in a reliable and 
simple manner under these complex operating conditions, a cycle is advantageously defined, 
according to the above-mentioned embodiment of the present invention, as being composed of a 
plurality of partial cycles, which each represent different depths of charge or discharge. Usually, 
the partial cycles would be two half cycles, namely a first half cycle of discharging, followed by a 
second half cycle of charging. 

[0018] In the case of the operation, for example, in a motor vehicle, which has already been 
mentioned above, the individual partial cycle of discharging is not necessarily followed by 
charging to a corresponding level, but greatly varying charge and discharge cycles may occur. 
According to an embodiment of the present invention, each of the partial cycles and the depth of 
charge or discharge associated therewith is considered separately, and a characteristic 
deterioration value is determined for each individual partial cycle on the basis of the deterioration 
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curve. Thus, the deterioration can be determined in a simple, rapid and effective manner, even in 
such a complex operation of a battery, by simply summing these characteristic deterioration 
values. 

[0019] Besides the battery charge and discharge processes, which predominantly influence the 
service life, other factors, which also have a certain, but much smaller influence on the service 
life, can also be taken into account in a simple manner. These factors can be determined, for 
example, by measurement, and be taken into account using a simple weighting factor which is 
mathematically combined with the characteristic deterioration value. Thus, for example, such a 
weighting factor, which is generally multiplicative, can be taken into account, that is, multiplied 
by the characteristic deterioration value, for each of the determined characteristic deterioration 
values, before the determined characteristic deterioration value is put into the summation. 

[0020] For example, the operating or ambient temperature of the battery or the size and direction 
of the charge or discharge current may be weighting factorsof this kind. Of course, it is possible 
not only to take into account only one weighting factor, but also to mathematically combine a 
plurality of such weighting factors with the specific characteristic deterioration value. 

[0021] In another embodiment of the method according to the present invention, only charge or 
discharge cycles are taken into account that have a capacity throughput above a predetermined 
limit. 

[0022] This means that charges below this predetermined limit as well as discharges below this 
predetermined limit are not considered. It is useful to set such a limit such that both the charging 
and the discharging of the battery with a capacity below this limit are exclusively from the 
double-layer capacity thereof so that such charging processes do not involve the active mass of 
the battery and, consequently, no chemical conversion thereof. In the case of the battery types 
described at the outset, the depths of charge or discharge that fall within the range of the double- 
layer capacity are usually of an order of magnitude of very much less than 1 % of the maximum 
possible charge or discharge, i.e., of the battery capacity. 
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[0023] Due to the simple and effective determination of the deterioration even for a complex 
operating strategy of the battery, an advantageous application of the method according to the 
present invention lies in the field of battery systems that are operated irregularly in terms of 
charging and discharging, such as are used as battery systems in motor vehicles. In this context, 
the method can be used both for batteries for traction or propulsion purposes and for batteries for 
power supply to electric auxiliary components, such as navigation systems, vehicle electronics, 
and the like. Of course, the method may also be used for batteries that supply power to auxiliary 
devices and traction or propulsion devices simultaneously. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] The present invention will be elaborated upon below based on exemplary embodiments 
with reference to the drawings, in which: 

Figure 1 shows an exemplary relationship between the cycle life (N) and the depth of discharge 
(DOD) of a lead battery; 

Figure 2 depicts an exemplary deterioration curve of the battery of Fig. 1; and 

Figure 3 is a diagram of an example of a battery at the end of its service life, with the 

proportions of individual partial cycles being represented in terms of the deterioration 
and their number. 

DETAILED DESCRIPTION 

[0025] In the following, the method according to the present invention will be explained in 
general terms by the example of a lead battery. For this purpose, Figure 1 shows an 
approximately semi-logarithmic relationship between the depth of discharge (DOD) and the cycle 
life (N). A battery, as shown here, has a cycle life of, for example, about 100 cycles at a depth of 
discharge of 100 %. However, at a depth of discharge of only 1 %, the same battery has a cycle 
life of about 30,000 cycles. 

[0026] Moreover, it can be seen fi-om the plot in Figure 1 that for different depths of discharge, 
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the total battery life is reached after a different number of cycles. Consequently, this means that 
for each depth of discharge, there exists a number of cycles which is equivalent to the service life 
to the battery. Basically, it is now assumed that each cycle is composed of a first half cycle 
consisting of a discharge by Xdis, followed by a charge by Xcha- Thus, in each case, the same 
charge state which was present at the beginning of the cycle would be reached at the end of the 
cycle. In a realistic calculation, it must also be taken into account that the charging of the battery 
is not loss-free so that the capacity Xcha that ultimately charged has to be charged is derived from 
the product of discharged capacity Xdis and charging factor Lf. 

Xcha = Lf • Xois (equation 1) 

[0027] In practice, however, the charge and discharge cycles often differ considerably because, in 
particular in the case of an application in motor vehicles, generally no regular cycles having a 
fixed depth of discharge are run through and, moreover, because the battery is usually not always 
fully charged. For this complex, but practical operation during which variable cycles occur, the 
cycles must therefore be defined differently. Equation (1) explained above is no longer valid for 
this complex battery operation, but for the individual charging and discharging steps (with index 
i), it therefore applies that: 

^LCha 7^ • Xi^ois (equation 2) 

[0028] Due to these conditions, in the method used here, the discharge and charge cycles are 
separately counted as partial cycles and, accordingly, also separately taken into account in the 
further calculations or evaluations, 

[0029] For each value of the depth of discharge in percent x,, a corresponding number of cycles j;, 
of the respective cycle life N can be read off from the service life diagram of Fig. 1 , which has 
aheady been explained at the outset. From these value pairs, a deterioration curve containing the 
value pairs x, and z/ can then be calculated for half cycles. In this context, these value pairs are 
determined as follows: 
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(equation 3 a) 



Zi 



= 2 • 



yi 



(equation 3 b) 



[0030] With that, it is then possible to calculate the characteristic deterioration values Ak for the 
partial cycles having different depths of charge or discharge. 



[0031] This characteristic deterioration curve, which then arises as a relationship between the 
depth of charge or discharge x/ in percent and the characteristic deterioration value Aki in percent 
is plotted in the diagram of Fig, 2, again in a semi-logarithmic maimer. 

[0032] The process of charging or discharging and the associated depth can now be measured at 
the battery in a manner known per se, using a simple sensor system. For each of partial cycles z,-, 
a corresponding deterioration value Aki that is characteristic of exactly this partial cycle z, is 
now derived from the depth of charge or discharge jc,- of the partial cycle on the basis of the 
deterioration curve in the diagram according to Fig. 2, the characteristic deterioration value being 
characteristic. 

[0033] Through a simple, continuous summation of these characteristic deterioration values Aki 
or of the individual numbers «/ of all occurred characteristic deterioration values Aki, 
deterioration A of the battery can be determined as a percentage during operation. In this context, 
this deterioration A is derived from the following equation: 



100% 



Z; 



(equation 4) 




(equation 5) 
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[0034] In this context, ni represents the number of occurred partial cycles z, with their 
respectively corresponding depth of charge or discharge x,-. 

[0035] Deterioration A determined by the summation is to be understood such that a deterioration 
of A = 0 % is to be treated as equivalent to a new battery, while a deterioration of ^ = 100 % 
means an already completely depleted battery. Hence, deterioration A indicates the percentage of 
the battery life that has already been used. Consequently, it is directly suited to indicate 
deterioration A, which is to be treated as equivalent to the battery life akeady used, or else, after a 
simple subtraction from ICQ %, to indicate remaining service life for which it then applies 
that:^'= 100% -.4. 

[0036] A corresponding example of such a calculation is given by the plot shovra in Fig. 3. In the 
example shown in Fig. 3, the battery is already completely depleted, as can be seen from the 
column of deterioration A shown on the right, which has reached the value of 100 %. The further 
columns represent the sums (over ni) of the individual partial cycles z, or characteristic 
deterioration values Aki corresponding thereto with their respective depths of charge or discharge 
X/, the height of the respectively corresponding bar indicating the proportion in percent of 
deterioration A. In the example chosen here, a number = 280,000 of partial cycles with a depth 
of charge or discharge x, = 0.75 % occurred. This corresponds to a proportion of deterioration A 
of 70 % of the total deterioration A that occurred. The next bar shows a number w/ = 6,800 partial 
cycles at a depth of charge or discharge x/ = 2.5 %, which, in turn, represents a proportion of 1 7 
% of deterioration A. The further bars result at the further depths of charge or discharge x, = 4; 
20; 30; 50; 100 %, respectively, in analogous manner. 

[0037] In addition to this comparatively simple embodiment, in which account is taken of the 
charge and discharge components which occur at the respective depths of charge and discharge x/ 
and which are mainly relevant to the deterioration of a battery, it is also possible to optimize the 
method by entering further details into the calculation. 

[0038] One of these details can be, for example, that capacity swings which occur during the 
charging or discharging of the battery and which are below a threshold value Xmm(DOD) to be 
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defined in a battery-specific manner, are not counted as partial cycles. In this context, threshold 
value Xmm(DOD) has to be selected such that no volumetric work of the active masses in the 
battery occurs when the battery is charged or discharged by a capacity value that is smaller than 
this threshold value Xmm(DOD), The added or removed charge is provided in the battery only by 
charge exchange of the double-layer capacity. Since this charge exchange of the double-layer 
capacity has no effect on the service life or deterioration A of the battery, charge and discharge 
processes with a capacity smaller than x^mfDOD) should not be taken into account in the 
consideration of deterioration A, Thus, these partial cycles are not processed so that here, no 
characteristic deterioration values are determined and put into the summation according to 
equation (5). 

[0039] A further such influencing variable for optimizing the deterioration monitoring is the 
operating temperature Tof the battery. The calculation of battery deterioration A can be refined 
further if temperature-dependent weighting factors fij are taken into account as well. Then, the 
calculation of deterioration^ is given by the following equation: 



[0040] Comparably to these weighting factors based on the operating temperature of the 
battery, it is possible to use further weighting factors. In this context, it is particularly convenient 
and useful to take into account the influence of the current intensity by a further, possibly 
additional weighting factor fij. Deterioration^ is then calculated as follows: 



[0041] These three illustrated ways of refining the calculation of the deterioration using 
weighting factors 7- and^J,/ and by activating characteristic deterioration values only if the 
partial cycles include a charging or discharging with a capacity greater than threshold value 




(equation 6) 



T 




(equation 7) 
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Xmm(DOD), can be used both together and separately or in combinations in order to determine the 
fundamental calculation of deterioration A in the manner explained here via the sum of 
characteristic deterioration values Aki, 

[0042] In this context, both continuous functions of the weighting factors and the deterioration 
curve can be used to represent the corresponding dependencies, i.e., the deterioration curve. 
However, it would also be possible to represent and use the dependencies in the form of 

approximated intervals, which could then be provided with class widths which are in each case 
adapted to the required accuracy of the calculation of deterioration A and to the specific battery 
type. 

[0043] The embodiment featuring approximated intervals with adapted class width could be 
advantageously implemented in control units, such as in the complex control units of a motor 
vehicle, because this embodiment allows rapid processing of the corresponding values while 
requiring a correspondingly small amount of computing and memory capacity in the control unit, 

[0044] In the following, the relationships which have been explained will be exemplified by two 
specific numerical examples. 

Numerical Example 1 

[0045] The following is a detailed description of the deterioration ^ of a lead battery, using a 
numerical example. 

[0046] In this context, the cycle life curve of a lead battery having value pairs (xi, yi) is given 
analogously to the diagram in Fig. 1 . In this context, these value pairs are found in columns 1 and 
2 of Table 1 shown below. Partial cycles z/ are determined from cycles;^/ in column 2 of Table 1 
according to the relationship in equation (3), Characteristic deterioration value Aki, as is shown in 
column 4 of Table 1, can then be calculated from these partial cycles z/ according to equation (4). 

Table 1 
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12 3 4 



Xi 


yi 




Aki 


(DOD) 


(cycles) 


(partial cycles) 


(characteristic deterioration value) 


100 


120 


240 


0.416667 


50 


1200 


2400 


0.041667 


30 


2000 


4000 


0.025000 


20 


3500 


7000 


0.014286 


10 


12000 


24000 


0.004167 


5 


20000 


40000 


0.002500 


3 


50000 


100000 


0.001000 



Table 2 



1 2 3 



Xi 


«/• 


^,in% 


(DOD) 


(number of partial cycles) 


(deterioration component) 


100 


7 


2.92 


50 


11 


0.46 


30 


63 


1.58 


20 


168 


2.40 


10 


805 


3.35 


5 


5993 


14.98 


3 


69201 


69.20 






deterioration A in % 


94.89 



[0047] In Table 2, the number of partial cycles actually occuring at each depth of charge or 
discharge x,- is represented in column 2, Together with characteristic deterioration values Aki for 
respective depth of charge or discharge jc/ from Table 1, the components Aj of deterioration A 
can thus be calculated according to the relationship in equation (5). These are represented in 
column 3 of Table 2. The sum of these components Ai then yields battery deterioration ^4, which, 
in the numerical example illustrated here, is ^4 = 94.89 %. 

[0048] In the calculation of deterioration A explained here by way of example, the intention was 
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to choose a simple example for the purpose of illustration, without taking into account any 
weighting factors 

Numerical Example 2 

[0049] In the following, deterioration A of a nickel-metal hydride battery is exemplarily 
described with reference to a further, more detailed numerical example. This time, weighting 
factors fi were included in the exemplary calculation as well, without intending to limit the use of 
weighting factors fi to nickel-metal hydride batteries. 

[0050] The numerical example 2 mentioned is now explained analogously to numerical example 
1. Analogous to Table 1 already explained above, the corresponding values for z/ andAki 
are listed in Table 3. They are derived analogously to the values in Table 1 using equations (3) 
and (4). 

Table 3 



12 3 4 



Xi 






Aki 


(DOD) 


(cycles) 


(partial cycles) 


(characteristic deterioration value) 


100 


2493 


4986 


0.020056 


50 


29191 


58382 


0.001713 


30 


78090 


156180 


0.000640 


25 


99869 


199738 


0.000501 


12 


189324 


378648 


0.000264 


5 


267164 


534328 


0.000187 


3 


294789 


589578 


0.000170 



[0051] Table 4 below serves to represent the influence of the temperature, the corresponding 
weighting factors being shown in columns 2 through 5 of Table 4 for selected temperatures T 
as a function of the depth of discharge x/. 
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Table 4 



1 2 3 4 5 



Xi 




fi.O'C 


fi,25''C 




(DOD) 


(factor) 


(factor) 


(factor) 


(factor) 


100 


0.795 


0.904 


1.000 


4.695 


50 


0.816 


0.915 


1.000 


4.505 


30 


0.844 


0.930 


1.000 


4.428 


25 


0.858 


0.937 


1.000 


4.409 


12 


0.949 


0.985 


1.000 


4.360 


5 


1.194 


1.113 


1.000 


4.333 


3 


1.474 


1.260 


1.000 


4.325 



Table 5 



1 2 3 4 5 6 



Xi 


« i,-25'C 


n i, o'c 




n i. 45°C 


Ai % 


(DOD) 


(number) 


(number) 


(number) 


(number) 


(deterioration 
component) 


100 


0 


0 


3 


1 


0.15 


50 


1 


0 


1 


0 


0.00 


30 


6 


1 


1 


1 


0.01 


25 


0 


113 


523 


204 


0.77 


12 


9 


793 


1899 


508 


1.29 


5 


13 


13089 


23904 


10687 


15.87 


3 


383 


23056 


78053 


31068 


41.05 



deterioration A in % 59.14 



[0052] In Table 5 shown above, analogous to the representation of number rii in Table 2 of 
numerical example 1, again, numbers riij of partial cylces z, are then indicated for the different 
temperatures 7 already taken into account in Table 4. In the numerical example shown here, 
components At of deterioration A are then calculated using equation (6). They are represented in 
column 6 of Table 5. Thus, a deterioration condition of ^4 = 59.14 % is the result according to the 
principle explained at the outset, taking into account weighting factorsy/,r which are dependent on 
depth of charge or discharge Xi and temperature T, 
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[00531 III the same manner, the current dependence can also be integrated into the calculation of 
battery deterioration A, using a further weighting factor fij. It would then be required to use a 
further table containing weighting factors fu as a function of temperature Tand of current /. 
Table 5 would then have to be extended by one dimension, allowing representation of depth of 
charge or discharge x,- in one direction and, in a second direction, temperature T, as well as 
current intensity / as a new dimension. 

[0054] However, for use in control units, this is unproblematic because, upon completion of a 
partial cycle, battery deterioration A is immediately updated by adding the component Ai of 
deterioration A that arises for the partial cycle, and because, consequently, there is no need to 
store large matrices for the partial cycle numbers. 
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